ABSTRACT The centromeric histone H3 variant Cse4 in Saccharomyces cerevisiae is polyubiquitylated and degraded in a proteasomedependent manner. We report here that the proline isomerase Fpr3 regulates Cse4 proteolysis. Structural change in Cse4 by Fpr3 might be important for the interaction between Cse4 and the E3 ubiquitin ligase Psh1.
respectively (Supporting Information, Table S1 ) (Dolinski et al. 1997; Arevalo-Rodriguez et al. 2004) . Single deletion strains (fpr3Δ and fpr4Δ) and double deletion strains (fpr3Δ fpr4Δ) did not show obvious growth phenotypes such as temperature or benomyl sensitivities ( Figure S1 ). We also examined chromosome stability in fpr3Δ or fpr4Δ strains by a colony color assay ( Figure 1A ). Both fpr3Δ and fpr4Δ single deletion strains showed a moderate chromosome missegregation phenotype (chromosome fragment loss: 0.2% in fpr3Δ, 0.15% in fpr4Δ). Because Fpr3 is associated with centromeres (Akiyoshi et al. 2010; Ohkuni and Kitagawa 2011) and because Fpr3 and Fpr4 directly interact with histone H3 (Nelson et al. 2006) , we tested a possibility that Fpr3 and/or Fpr4 regulate a centromeric histone H3 variant Cse4. Interestingly, we found that the endogenous protein level of Cse4 was increased in fpr3Δ, fpr4Δ, and fpr3Δ fpr4Δ cells ( Figure 1B ). This result suggests that Fpr3 and Fpr4 have a role in regulating the Cse4 protein level in vivo.
To examine whether Fpr3 and Fpr4 regulate Cse4 proteolysis, we performed a protein stability assay (Figure 2 ). Cse4 was transiently induced from a GAL1 promoter by the addition of galactose. Then, glucose was added to stop CSE4 transcription, and cells were collected over 80 min. The level of Cse4 was determined by quantitative Western blotting. As expected, deletion of FPR3 or FPR4 moderately stabilized Cse4 protein levels in vivo (Figure 2, A and B) . The level of the stabilization in fpr3Δ cells was higher than that in fpr4Δ cells. It has been also previously reported that deletion of PSH1, which is an E3 ubiquitin ligase, moderately stabilized the Cse4 protein level (Hewawasam et al. 2010; Ranjitkar et al. 2010) . The level of the stabilization in fpr3Δ cells was higher than that in psh1Δ cells (Figure 2 , C and D and Figure S2 ). Moreover, double deletion mutant, fpr3Δ psh1Δ, showed the dramatically increased protein stability of Cse4 (Figure 2, C and D) . In all, these results strongly support the idea that Fpr3 and Fpr4 regulate the protein level of Cse4.
FPR3 encodes a peptidylprolyl cis-trans isomerase (PPIase) (Benton et al. 1994; Shan et al. 1994) , which is involved in the meiotic recombination checkpoint pathway (Hochwagen et al. 2005; Macqueen and Roeder 2009) . We next tested whether the peptidylprolyl cis-trans isomerase enzymatic activity is important for the Cse4 protein stability. We performed the Cse4 protein stability assay using two Fpr3 catalytic domain point mutants (W363L and F402Y) that have lost PPIase activity (Hochwagen et al. 2005) . The two PPIase dead mutations caused a stabilization of Cse4 protein level in vivo, suggesting that the Fpr3 proline isomerase activity is required for Cse4 protein stability (Figure 3, A and B) .
We next aimed to identify the target proline related to the Cse4 protein stability. There are five proline sites in Cse4, which are P53, P98, P100, P134, and P157. We generated yeast strains bearing each mutation (proline to valine) in Cse4 (Table S1 ) and analyzed the stability of Cse4. Only the P134V mutation has a clear effect on Cse4 stabilization ( Figure 3C ). This result suggests that P134 may be the target of Fpr3 isomerization.
Psh1 ubiquitinates Cse4 at the following lysine residues in its C terminus: K131, K155, K163, and K172 (Hewawasam et al. 2010) . As well, Cse4 directly interact with Psh1 via the RING finger domain, which is a hallmark of many E3 ligases (Ranjitkar et al. 2010) . Because P134 is located close to those ubiquitylation sites, we tested whether deletion of FPR3 or FPR4 influences the interaction between Cse4 and Psh1. We performed coimmunoprecipitation and Western blotting using Psh1-myc-tagged strains. Psh1-myc-tagged protein physically interacts with Cse4 in wild-type (WT) cells. Interestingly, deletion of FPR3 or FPR4 diminishes the interaction between Cse4 and Psh1-myc (Figure 4, A and B) . These data indicate that FPR3 and FPR4 regulate the Cse4-Psh1 interaction.
Given that the interaction of Cse4 with Psh1-myc is diminished in fpr3Δ cells, we predicted that mutation of P134V in Cse4 also influences the Cse4-Psh1 interaction. As expected, the interaction between cse4-P134V and Psh1-myc was also diminished (Figure 4, C and D) . Taken together, these data suggest that structural change between the cis and trans form of P134 in Cse4 is essential for the Cse4-Psh1 interaction ( Figure 4E ).
We note that cse4-P134V mutants do not show any benomyl sensitivity or chromosome missegregation phenotype (data not shown). These phenotypes are also consistent with that of psh1Δ cells (Yuen et al. 2007 ). The phenotypic data also support the idea that Fpr3 regulates the Psh1-dependent Cse4 proteolysis. As Psh1 prevents Cse4 localization at noncentromeric regions (Hewawasam et al. 2010; Ranjitkar et al. 2010) , Fpr3 might also prevent Cse4 interaction with noncentromeric regions. However, we found that Cse4 is accumulated at CEN ( Figure S3 ), suggesting that Fpr3 might regulate Cse4 levels at the centromere.
Recently, it has become apparent that the Doa1/Ufd3 (WD repeat protein) is also required for the ubiquitination and proteolysis of Cse4 (Au et al. 2013) . Doa1 regulates cellular levels of ubiquitin (Zhao et al. 2009 ). They propose that Doa1-mediated ubiquitination of Cse4 might be regulated by other ubiquitin ligases than Psh1 (Au et al. 2013) . Interestingly, Doa1 is one of the targets of Fpr3 (Collins et al. 2007) . We have shown that the stabilization level of Cse4 in fpr3Δ psh1Δ cells is much higher than that in fpr3Δ ( Figure  2 , C and D), implying that Fpr3 might regulate the proteolysis of Cse4 in both Psh1-dependent and Psh1-independent manners.
Loss of Fpr3 causes chromosome missegregation, but not benomyl sensitivity ( Figure 1A and Figure S1 ). Interestingly, a high copy of FPR3 suppress the Glc7 overexpression lethality and the temperature sensitivity of ipl1-1 mutant (Ghosh and Cannon 2013). Deletion of Fpr3 showed a synthetic sickness phenotype with ipl1-2 mutant (data not shown). The opposing Ipl1 (aurora kinase B) and Glc7 (protein phosphatase 1: PP1) activities ensure a bipolar attachment to the spindle (Lampson and Cheeseman 2011) . Thus, Fpr3 might The fpr3Δ or fpr4Δ strain displays a moderate chromosome missegregation phenotype. Chromosome loss rate in null mutants was determined by half sector analysis, as previously described . Wild-type (Y14): 3 halfsectored colonies/6,421 total colonies; fpr3Δ (Y2249, Y2250, and Y2251): 17/8,598; and fpr4Δ (Y2252, Y2253, and Y2254): 14/10,105. P-value (chi-squared test): WT vs. fpr3Δ, 0.012; WT vs. fpr4Δ, 0.072. (B) Increased protein level of Cse4 in fprΔ cells. Equal cell numbers of log phase cells, grown in SRaf medium, were visualized by Western blot analysis with anti-Cse4 and anti-a-tubulin antibodies. Cse4 and a-tubulin protein levels were overlayed and quantitated by the Odyssey Imaging System. Cse4 protein levels were normalized by the amount of a-tubulin. Isogenic yeast strains were wild type (YPH499 and YPH500), fpr3Δ (Y2243), fpr4Δ (Y2245), and fpr3Δ fpr4Δ (Y2247 and Y2248).
also be involved in another mechanism in the centromere function such as bipolar attachment.
In summary, we characterized the mitotic function of Fpr3, which was identified by our in vitro kinetochore assembly system. Fpr3 has a role in Cse4 protein stability. Fpr3 PPIase dead mutants stabilized Cse4 protein, suggesting that the isomerization activity of Fpr3 is necessary for the Cse4 proteolysis. The interaction between Cse4 and Psh1 was Table  S2 ). The protein stability assay was performed as described in Figure 2 . Isogenic yeast strains were FPR3 (Y2259), Vector (Y2260), fpr3 W363L (Y2261), and fpr3 F402Y (Y2262). Error bars represent SE of two or three independent experiments. (C) Mutation of P134 does stabilize the Cse4 protein level in vivo. There are five proline sites in Cse4 (P53, P98, P100, P134, and P157). We constructed plasmids harboring proline-to-valine mutation (Table S2 ). The protein stability assay was performed as described in Figure 2 . Isogenic yeast strains were Cse4 (Y2255), cse4 P53V (Y2263), cse4 P98V (Y2264), cse4 P100V (Y2265), cse4 P134V (Y2266), and cse4 P157V (Y2267). diminished in the fpr3Δ mutant. Furthermore, a mutation on P134, a target of Fpr3 isomerization, reduced the Cse4-Psh1 interaction. Thus, we propose that the structural change between the cis and trans form in Cse4 is important for the interaction with E3 ubiquitin ligase Psh1 ( Figure 4E ).
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Yeast strains and plasmids
Supplemental Table S1 and S2 present the genotype of yeast strains and plasmids used for this study, respectively.
Protein stability assay
Cells were grown in a 2% raffinose synthetic complete medium overnight. Cells were then diluted to an optical density at 600 nm of 0.3 and grown for an additional 3 h at 25°C. A sample was removed as a negative control before the addition of galactose (Raffinose). Galactose was added to the media to a final concentration of 2% to induce expression of Cse4 from the GAL1 promoter for 2 h at 25°C. Glucose was then added to a final concentration of 5% to stop gene expression, and samples were taken at the indicated time points.
Antibodies
Anti-Cse4 antibody was generated as previously described . Anti-Cdc28 was a gift from Dr. Deshaies's laboratory. Anti-myc (Roche, Indianapolis, IN), anti-HA (Roche, Indianapolis, IN), and anti-tubulin (Serotech, Oxford, UK) antibodies were purchased.
Western blotting and quantitation
Western blotting and quantitation were performed as described previously (ESCAMILLA-POWERS and SEARS 2007) . In brief, protein from equal cell numbers were separated by SDS-PAGE gel and transferred to Immobilon-FL membrane (Millipore, Billerica, MA).
Membrane was blocked with Odyssey Blocking buffer (LI-COR Biosciences, Lincoln, NE) after shaking the membrane in PBS for several minutes. Primary and secondary antibodies were diluted in Odyssey Blocking buffer with 0.1% Tween 20. Anti-Cse4 was used at a dilution of 1:1000, and anti-tubulin and anti-Cdc28 were used at 1:5000. Secondary antibodies were used at a dilution of 1:15000. Blots were scanned with a LI-COR Odyssey CLx Imager (Lincoln, NE). Protein levels at each time point were quantitated using Image Studio software version 2.0.
